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The Drosophila s15 chorion gene is expressed only in the follicular epithelium surrounding the developing oocyte,
with tight quantitative control and a very narrow temporal speci®city. We have used germ-line transformation analysis
to conduct an extensive mutational dissection of its promoter between -189 and -39 bp relative to the transcriptional
start site. Quantitative control and temporal speci®city are disrupted by several of these mutations. The results suggest
that this 150-bp DNA region encompasses many positive and negative, at least partially degenerate, cis-regulatory
elements, which are involved in specifying the highly precise expression pattern of the s15 gene during development.
q 1996 Academic Press, Inc.
INTRODUCTION serve the high quantitative demands of chorion formation
(Spradling and Mahowald 1980; Spradling et al., 1980;
Spradling 1981; Grif®n-Shea et al., 1982). However, earlyThe s15 chorion gene of Drosophila melanogaster is an
transformation experiments established that the s15 geneoutstanding example of tight developmental regulation.
can be expressed autonomously when transferred to multi-This gene, encoding a structural protein of the eggshell
ple chromosomal sites, together with its immediately(chorion), is expressed only in the approximately 1000 follic-
¯anking DNA, even when not all the surrounding chorion
ular epithelial cells that surround each oocyte, and only at
genes are present (Spradling and Rubin, 1982; Wakimoto et
the very end of oogenesis, during late but not early chorion
al., 1986). Use of smaller constructs established that the s15
formation (stages 13 and especially 14)Ða period that lasts
gene can be expressed by itself in transgenic ¯ies (Kafatos
merely 2 hr (Petri et al., 1976; Waring and Mahowald, 1979). et al., 1985) and that it maintains normal developmental
While the tissue, temporal and spatial pattern of s15 expres- (although not quantitative) expression with as little as 370
sion is well-documented (see also Grif®n-Shea et al., 1982; bp (Romano et al., 1988) or 138 bp (Mariani et al., 1988) of
Parks and Spradling, 1987), less is known about the regula- the DNA sequences upstream of the transcriptional start
tory mechanisms that dictate this strict expression pattern. site. Transcription studies using 3* deletions within this
The s15 gene is part of a compact cluster of four chorion proximal 5* ¯anking DNA, as well as a single targeted
genes, all of which are differentially ampli®ed as a unit to linker-scanning substitution mutation, indicated the exis-
tence of several cis-regulatory elements for developmen-
tally correct s15 expression (Mariani et al., 1988). One es-1 Current address: Institute for Molecular Genetics, Baylor Col-
sential element identi®ed is TCACGT, a hexamer motiflege of Medicine, One Baylor Plaza, Houston, TX 77030.
that is found in all chorion genes sequenced to date in four2 Current address: Department of Biological Sciences, Stanford
Drosophila species (Levine and Spradling, 1985; Wong etUniversity, Stanford, CA 94305-5020.
al., 1985; MartõB nez-Cruzado et al., 1988; Fenerjian et al.,3 Current address: European Molecular Biology Laboratory, Mey-
erhofstrasse 1, 69117 Heidelberg, Germany. 1989; Swimmer et al., 1990), and in nearly all silkmoth
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chorion genes (Spoerel et al., 1986; Mitsialis et al., 1989).
The deletion mutations led to quantitatively reduced or
temporally disrupted expression and could be explained by
postulating the existence of a late-activating (positive) cis-
regulatory element immediately upstream of the hexamer
and one or two early repressing (negative) elements further
upstream (Mariani et al., 1988). Ectopic expression of some
s15 promoter constructs pointed toward the existence of
silencing elements, mostly downstream of the transcrip-
tional initiation (cap) site, which may be involved in the
tissue-speci®c regulation of the gene (Bienz-Tadmor et al.,
1992).
In this report we present a much more detailed muta-
tional analysis of the s15 promoter region, between 0189
and 039 relative to the cap site. Five 5* deletions and 10
linker-scanning substitution mutations are analyzed in the
context of different promoter/reporter genes and in multi-
FIG. 1. Linker-scanning substitution mutations of the s15 pro-ple, independently derived transformant ¯y lines. Both
moter. Using site-directed mutagenesis, clustered nucleotide
quantitative and temporally disrupted phenotypes are ob- changes were incorporated into de®ned positions of s15 promoter
served. They are interpreted in terms of multiple, at least DNA. The mutations are precise replacements, with the distance
partially degenerate cis-regulatory elements, in a scheme between ¯anking sequences on either side precisely conserved. Ex-
that also incorporates the results of previous transformation cept for the c and a mutations, each mutagenic sequence contains
studies and an additional experiment that indicates surpris- an internal EcoRI site facilitating the con®rmation of the presence
and position of the mutation in the ®nal construct and permittingingly long-distance effects on transcription from the sur-
the generation of deletions between different mutations (see text).rounding chorion genes.
The sequence in capitals is the wild-type, top-strand s15 sequence.
The sequence shown in lowercase is the corresponding mutagenic
sequence. Positions at which the wild-type sequence is preservedMATERIALS AND METHODS
in the mutant are shown between the two lines. Numbers refer
to nucleotide positions relative to the s15 transcription start site
P-Element Constructs, Promoter Mutagenesis, as /1.
and Germ-Line Transformation
The gene construction strategies and P-element vectors used for
these studies were previously described (Mariani et al., 1988; Tolias
subfragments extending from nucleotides 0145 to /52 of s15 wereand Kafatos, 1990; Bienz-Tadmor et al., 1992). The construction of
ligated upstream of the bacterial lacZ gene, creating a translationalthe s15-P gene and the generation of promoter deletions using Bal
fusion between the second codon of s15 and the seventh codon of31 deletion libraries were detailed in Mariani et al., 1988. Linker-
lacZ, with 5 bp (CCGGG) from pUC18 polylinker as an intermedi-scanning (LS) substitution mutations of the s15 promoter were ob-
ate adaptor. The s15 subfragments were taken from wild-type pro-tained by site-directed mutagenesis (Carter et al., 1985) of a 900-
moter DNA or from DNA bearing linker-scanning mutations (Fig.bp XbaI/KpnI subclone that was shuttled between the mutagenesis
1). In all cases, the ®nal constructs were sequenced to verify transla-plasmid and the transformation plasmids. Selected target sites were
tional continuity across the fusion point.mutagenized using synthetic primers that contained a centrally
Drosophila germ-line transformation protocols, including em-located mutagenic sequence bearing an internal EcoRI site, as de-
bryo preparation, injection procedures, and genetic backcrossing,scribed (Shea et al., 1990). The wild-type and mutated sequences
were performed essentially as described (Spradling and Rubin, 1982;are shown in Fig. 1. These uniquely placed EcoRI sites were conve-
Rubin and Spradling, 1982). Genomic DNAs prepared from trans-niently used for the construction of additional deletion mutations:
formant lines were subjected to Southern blot analysis accordingby ligating upstream XbaI/EcoRI subfragments from one LS mutant
to Delidakis and Kafatos, 1987, and only lines with single, intactwith downstream EcoRI/KpnI subfragments from a second LS mu-
inserts were used to establish homozygous lines for experimentaltant we could regenerate the original XbaI/KpnI s15 subclone now
analysis.bearing a de®ned deletion. The construct shown in Fig. 6 was gener-
ated by comparable procedures in the ampli®able transformation
vector Ctc201 (Kafatos et al., 1985), which includes a 10-kb seg-
ment of the third chromosome cluster bearing four chorion genes Northern-Blot and Dot-Blot RNA
(see also Mariani et al., 1988). Hybridization Analysis
The Carnegie 20 P-element transformation vector (Rubin and
Spradling, 1983) was used for all s15-P reporter gene constructs. In vivo expression of s15-P constructs or the endogenous s15
gene was analyzed as previously described, using the moth DNAThe Carnegie 20 derivative, pryHS 3*, which includes a lacZ gene
and was kindly provided by Y. Hiromi, was used for all lacZ fusion insert in s15-P or s15 cDNA probes, respectively (Mariani et al.,
1988; Shea et al., 1990). Although the latter probe hybridizes toconstructs as described in Tolias and Kafatos, 1990. Brie¯y, for
fusing the minimal s15 promoter constructs to lacZ, RsaI/RsaI transcripts from both the endogenous and from the s15-P gene, the
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contribution of s15-P is two orders of magnitude lower because,
unlike s15, it is not ampli®ed unless additional chorion DNA is
included, as in Fig. 6 (Orr-Weaver and Spradling, 1986; Delidakis
and Kafatos, 1987). For Northern analysis, RNA extracted from
developmentally staged follicles was run on agarose gels, blotted
to nylon membranes, and probed as described (Mariani et al., 1988).
Probing for lacZ mRNA used 32P-labeled lacZ antisense riboprobe
generated from pBluescript (SKII) vector (Stratagene, San Diego,
CA). Values for hybridization intensities from dot-blot ®lters were
quanti®ed using a Molecular Dynamics PhosphoImager. The values
for s15-P or lacZ RNA signals were normalized relative to the
endogenous s15 RNA signal from the same RNA sample on dupli-
cate ®lters. For Table 1 and Fig. 4, normalized values are listed
relative to the corresponding value of the wild-type constructs
as 100%.
Histochemical Assays of b-Galactosidase Activity
Ovarian follicles were rinsed in Ringer's solution and ®xed [4%
methanol-free formaldehyde (Polysciences) in PBS] for 5 min at
FIG. 2. Diagrams of the constructs subjected to transgenic analy-room temperature. They were then washed with PBS for 10 min
sis and the inferred functions of cis-acting elements in the s15and stained for b-galactosidase activity for 6 hr in staining mix
promoter. Diagrams show s15 promoter constructs bearing linker-(150 mM NaCl, 1 mM MgC12, 2 mM potassium ferrocyanide, 2
scanning (LS) or deletion (n) mutations, tested either as fusions tomM potassium ferricyanide, 10 mM sodium phosphate, pH 8, and
a lacZ reporter gene or in association with the marked s15-P re-0.15% X-gal). Following a 10-min wash in PBS, follicles were also
porter. As in all ®gures, arrows indicate the direction of transcrip-stained for 5 min in PBS containing 0.17 mg/ml DAPI and then
tion and numbers are relative to the s15 cap site as /1. Boxes inmounted on slides. The appearance of DAPI-stained nuclei served
the top two diagrams show positions of the same linker-scanningto verify a normal distribution of epithelial cells in stage 14 folli-
mutations (described in Fig. 1) in the context of either short or longcles. Bright-®eld and ¯uorescent microscopy was performed using
promoter fragments and the lacZ or s15-P reporter genes, respec-a Zeiss Axiophot photomicroscope.
tively. The ®lled box indicates the position of the essential ele-
ment, TCACGT, at 055 to 060. The bottom two diagrams show
the extents of the 5* and 3* deletions relative to the LS substitu-
RESULTS tions. Each bar denotes the extent of a deletion; for all 5* deletions
the downstream endpoint is 069 and for all 3* deletions the up-
stream endpoint is 0189. The location and inferred function of the5* Promoter Deletions of an s15 Construct
cis-acting elements or regions are indicated by symbols, as ex-
plained in the key.We have previously reported germ line transformation
experiments using the s15-P construct, which includes the
entire s15 gene and immediately surrounding DNA se-
quences, from 0814 to /778 relative to the transcriptional
start site (Mariani et al., 1988). In this construct, the s15 transcriptional start site (also summarized in Fig. 2). Figure
3 diagrams the deletions and shows RNA (Northern) blotsgene is marked in the coding region by the in frame inser-
tion of a 288-bp exogenous DNA fragment, derived from a from staged follicles of transformant ¯ies; results were con-
sistent between multiple independent transformant lineschorion gene of the silkmoth Antheraea polyphemus. This
insert can be used as a speci®c hybridization probe to detect for each of the ®ve deletions (21 lines in total).
The minimal deletion, 098/069, exhibits the normal, lates15-P transcripts in transgenic animals. By visual examina-
tion of Northern blots from RNA of staged follicles, the temporal speci®city of s15: transcripts are ®rst detected at
stage 13 and become much more abundant at stage 14. Nointact, wild-type s15-P construct was shown to be expressed
in choriogenic follicles with temporal speci®city indistin- expression is detected at prechoriogenic (not shown) or early
choriogenic (11 and 12) stages. Deleting 12 additional bpguishable from that of the endogenous s15 gene. In contrast,
a series of 3* promoter deletions, all beginning at 0189 and (0110/069) results in a low level of early expression: tran-
scripts ®rst appear at stage 12 rather than 13. Further dele-extending variable distances toward the transcriptional
start site, showed abnormal temporal speci®cities sugges- tions (0130/069 and 0149/069) give qualitatively similar
results, but relatively more prominent early expression. Fi-tive of both positive and negative cis-regulatory elements
(Mariani et al., 1988; summarized and interpreted in Fig. 2). nally, deleting 40 additional bp (0189/069) results in a ma-
jor change in temporal speci®city: early expression now be-To complement the previous analysis, we have constructed
and tested by transformation a series of 5* promoter dele- gins at stage 11, is maximal at stage 12, and is much more
prominent than the normal late expression at stage 14,tions in the same 0814 to /778 context. All the deletions
begin at 069 and extend variable distances away from the which is almost completely abolished. In summary (Fig. 2),
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dot-blot analysis (see Materials and Methods). The results,
which were consistent between multiple transformant lines
of the same construct, are exempli®ed and summarized in
Fig. 4 and interpreted in Fig. 2.
The linker-scanning results were surprisingly discordant
with the results of deletion analysis. No premature expres-
sion was seen with any of the linker mutations between
0109 and 081 (g, f, and e) where, based on the 5* and 3*
deletions, we expected to uncover three distinct elements
responsible for early repression. Also despite expectations,
FIG. 3. The 5* deletion constructs and their temporal expression.
The top diagram shows undeleted s15 ¯anking DNA and, as in Fig.
2, boxes indicate location of linker-scanning substitutions that are
tested in Figs. 4 and 5. The bottom diagrams show location and
extent of DNA deletions tested in the context of the s15-P gene.
The right column shows stage-speci®c s15-P transcripts in dis-
sected follicles of the indicated stage. The transcript pattern of the
undeleted (wild-type) construct is shown at top for comparison to
that of deletion constructs. In this ®gure and Fig. 4, all ®lters were
also probed with endogenous s15 probe which veri®ed correct folli-
cle staging (data not shown).
this series of experiments suggests the existence of at least
three cis-regulatory elements, deletion of which can alter
temporal speci®city: both a late activating (positive) ele-
ment and an early repressing (negative) element between
0189 and 0149, and another early repressing element be-
tween 0110 and 098. The 3* deletions had previously sug-
FIG. 4. Linker-scanning mutations and their expression. Tengested the existence of a positive element between 080
linker-scanning promoter substitutions described in Fig. 1 wereand 069 and two additional negative elements (or a long
tested for their effect on s15-P expression. Diagrams on the left
negative element differentially affected by the deletion show position of each clustered substitution in 5* ¯anking DNA.
breakpoints) between 098 and 080 (Mariani et al., 1988; Right column shows schematic representation of phenotypic pat-
Fig. 2). terns from developmental Northern blots. Except for constructs a
and b, all patterns were temporally wild type when compared to
the undeleted construct shown at top, although levels of expression
Linker-Scanning Mutations of the s15-P Construct varied signi®cantly. Stage 14-speci®c expression was quanti®ed for
each construct using RNA dot blots on multiple lines, normalizedThe undeleted s15-P construct was subjected to ``linker-
to endogenous s15 expression and expressed relative to the unde-scanning'' (clustered substitution) mutagenesis and ana-
leted construct as 100%. The average and range of relative expres-lyzed by transformation, as above. In total, 56 transformant
sion in an average of ®ve independent lines for each construct are
lines were analyzed, representing the wild-type s15-P and 10 shown. Bottom panel shows developmental Northerns for s15-P
different linker-scanning mutations, a to i, located between expression in the strongest expressing lines of constructs b, e, and0148 and 039 (see Fig. 1 and Materials and Methods for g. Note that construct g is expressed weakly and that construct b
details). Early RNA expression was assessed visually as be- shows early expression in stage 12 follicles (with longer exposure
in stage 11 follicles as well).fore, and late expression was assessed quantitatively, by
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TABLE 1mutation de (between 080 and 072) did not show signi®-
Follicular Expression of Promoter Mutants Testedcant loss of late expression. Interestingly, early expression
as lacZ Fusionswas seen with mutations further downstream (b and, less
prominently, a), which had not been subjected to deletion
b-Galactosidase levelsaanalysis. Moreover, positive elements were uncovered by Transformant RNA
mutations g, d, and a, each of which had multiple trans- Construct lines None Weak Moderate Strong levelsa
formant lines with consistently low late expression. The
Wild type 9 1 1 Ð 7 100 { 20summary of Fig. 2 highlights the disparity between these
b 4 Ð 3 1 Ð 30 { 19linker scanning results (LS in the s15-P context) and the
c 13 13 Ð Ð Ðdeletion results (5* D and 3* D). The only agreement with
d 6 5 1 Ð Ðprevious substitution and deletion experiments (Mariani et
de 16 16 Ð Ð Ð
al., 1988) was obtained with mutation c, which eliminates e 6 3 2 1 Ð 23 { 19
the chorion-speci®c hexamer, TCACGT. Transformants f 9 6 2 1 Ð
carrying this linker substitution were totally nonexpress- g 12 12 Ð Ð Ð Ð
ing, con®rming that this motif is essential for chorion gene
a All constructs contained only the /52 to 0145 segment of theexpression.
s15 gene, with or without linker-scanning mutations (see Fig. 2).
Levels of RNA and enzymatic activity were evaluated at stage 14,
by quantitation of dot blots and by visual scoring of stained folli-Linker-Scanning Mutations Tested in a Shorter
cles, respectively. The quantitative dot blots used equal numbersPromoter Context
of follicles from the six strongest expressing wild-type lines, the
The disparity between the results of most deletion and three strongest expressing b and e lines, and all the g lines, which
linker-scanning mutations could be explained by invoking showed no signi®cant RNA signal.
degenerate regulatory elements, both of which might be
eliminated by deletions but not by substitutions at individ-
ual sites in the promoter. For example, the deletions sug- content than all 6 wild-type lines that were tested in dot
gested the existence of positive and negative elements both blots. Nevertheless, the temporal speci®city of expression
in the distal (0189 to 0149) and in the central (0110 to was unaffected: X-gal staining was only ever detected in069) regions of the promoter (Fig. 2); a substitution in one late follicles, and Northern analysis showed that lacZ RNA
of these regions would obviously leave the element(s) in the ®rst appears at stage 13 and strongly accumulates at stage
other region intact, potentially obscuring the results of the 14, as in the wild type (Fig. 5).
mutation. To limit this problem, we tested the same linker-
Long-Distance Effects on the Chorion Promoterscanning mutations in a short, 197-bp promoter construct,
missing the distal promoter sequences beyond 0145 as well In all the mutational studies on the s15 gene (Mariani et
as most of the transcribed and all of the 3* ¯anking se- al., 1988 and the present report), the single most consistent
feature has been failure of expression when the TCACGTquences of the gene. This construct was a translational fu-
hexamer was deleted or disrupted by substitution: none ofsion of the s15 and lacZ genes (see Materials and Methods).
the 33 lines tested that carried such hexamer mutations,A total of 75 transformant lines representing the wild-type
whether in the context of an individual s15-P gene or inand 7 linker-substituted promoters were analyzed by X-gal
lacZ fusions, showed any detectable follicular expressionstaining of ovarian follicles; selected lines from 4 constructs
(Mariani et al., 1988 and present report). Nevertheless,were also subjected to Northern and dot-blot analyses, using
when we tested a 0137 to 045 deletion construct that waslacZ DNA as probe. Results are summarized in Table 1 and
missing the hexamer but was placed in the context of theFig. 2, and examples are shown in Fig. 5.
entire, four-gene chorion cluster, expression was restoredAll of the linker-substituted short promoters were either
(Fig. 6; 9 independent lines). This suggested that cis-regula-inactive or showed substantially reduced expression rela-
tory elements of neighboring chorion genes can act at ative to the wild-type promoter (Fig. 5 and Fig. 2 summary).
distance, to complement the lack of a TCACGT motif adja-Three of the mutations (c, de, and g), each tested in 12 to
cent to the s15 gene. Interestingly, the restored expression16 independent lines, showed no detectable b-galactosidase
was temporally abnormal, being observed both in the earlyactivity. A fourth mutation (d) showed only minimal activ-
(10B to 12) and the late (13 and 14) choriogenic stages; noity in 1 of 6 lines. Three other mutations (b, e, and f) did
prechoriogenic expression was detected (stages 9 and 10A).express, but at a level much lower than typical for the wild-
type promoter. The quantitative reduction in histochemical DISCUSSIONstaining was con®rmed by dot blot RNA analysis (summa-
Multiple cis-Regulatory Elements Are Responsiblerized in Table 1). The lacZ RNA was undetectable in all 12
for the Quantitative and Developmentally Correctlines of mutation g. Even the three highest expressing lines
Regulation of the s15 Promoterof mutations b and e showed an average lacZ RNA content
only 30 and 23% of the wild-type levels, respectively; each In the present study, we report on the expression patterns
of 158 independent transformant lines, bearing either wild-and every one of them showed signi®cantly lower RNA
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FIG. 5. Expression of linker-scanning mutations in the context of a short promoter fragment. Maps at left show wild-type s15 promoter
DNA and constructs bearing linker-scanning mutations b and e. Nucleotide /52 of s15 is the point of translational fusion to the lacZ
reporter gene, indicated by broken line. Northern blots in right panel show stage-speci®c lacZ transcripts from a representative wild type
and the strongest expressing line of each mutant construct shown at left. Lower photomicrographs show histochemical staining for b-
galactosidase activity in stage 14 follicles from wild type (wt) and three linker-scanning mutants. Note the moderate staining of mutant
b, the weak staining of mutant f, and the absence of staining in mutant g (see Table 1).
type or 23 different mutated s15 promoter constructs (5* One generalization from our results is that detection of
cis-regulatory elements depends on the context of the pro-deletions or linker scanning substitutions in three different
contexts). In a previous study (Mariani et al., 1988), we had moter fragment that is being tested (Fig. 2). With the short-
est promoter fragment analyzed (0145//52), every one ofreported on 32 additional lines representing eight different
deletions of the same promoter. The complex picture that the 7 linker-scanning mutations that were tested decreased
expression, and 4 of them abolished expression altogether.emerges from this large-scale in vivo functional analysis
could be explained by a number of models, but the one that By contrast, in a long promoter context 3 of the same muta-
tions (de, e, f) had no signi®cant effect, and 2 others (d, g)we favor and is implied by Fig. 2 seems simplest. It suggests
that the correct regulation of this promoter depends on reduced expression but much less effectively than when
they were tested in the short promoter context. Similarly,many, closely packed cis-regulatory elements, frequently
overlapping in function (degenerate). when tested with nested 3* deletions of sequences up to
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
/ m4881$8098 01-26-96 06:55:01 dba Dev Bio
121Regulatory Elements of Chorion s15 Promoter
that is essential for expression when the s15-P gene is tested
in isolation (Fig. 2 and Mariani et al., 1988). Preliminary
experiments suggest that s15 reactivation is due to far up-
stream DNA, encompassing the s18 chorion gene and its
promoter, including a TCACGT element (J. Lingappa, per-
sonal communication). Not all functions of the 0137 to
045 region are restored fully in the expanded context, as
the s15-P gene is expressed in this context at both early and
late choriogenic periods (Fig. 6). However, transcription is
initiated at the same nucleotide as for the endogenous gene,
and the changes in RNA mobility seen at different develop-
mental stages in Fig. 6 correspond to differences in polyade-
nylation (results of primer extension and RNaseH digestion
experiments; J. Lingappa, personal communication).
How Important Are Degenerate Elements?
The highly precise and evolutionarily stable tissue and
FIG. 6. Long-distance effects of the chorion cluster. A0814//778
temporal regulation of this gene (Fenerjian et al., 1989),fragment encompassing the s15-P gene and a 0137/045 deletion
which is uniquely expressed in the follicular epithelium(thus missing the essential s15 TCACGT element) were incorpo-
and only for ca. 2 hr, is apparently based on an appropriaterated into the third chromosome chorion cluster in place of the
balance of multiple positive and negative regulatory ele-native s15 gene, as shown in diagram, and were introduced into
ments. Because various elements are degenerate, contexthost ¯ies via P-element transformation. The 0814//778 fragment
containing the same 0137/045 deletion shows no expression when can affect the functional signi®cance of any one element.
tested in vivo in isolation of any other chorion DNA (Mariani et An example is mutation b, which begins expression abnor-
al., 1988). Northern blot in lower panel, using a 32P-labeled s15 mally early only if tested in the long promoter context and
cDNA probe, shows patterns of both s15-P and the endogenous reduces late activation only if placed in the short promoter
s15 transcripts from staged follicles of ¯ies transformant for the context (Fig. 2). Thus, presumably because of importance of
reconstructed cluster. Remarkably, the intact chorion genes of the
interactions between transcription factors bound to distantcluster ¯anking the null s15-P deletion gene can rescue its tran-
elements, there is a certain indeterminacy in inferring thescriptional activity (see text for details).
function of an element in the undisturbed, endogenous gene
from transgenic experiments by testing a mutation of the
element in the context of an arbitrary promoter fragment.
Are some of the postulated elements degenerate (overlap-0189, the098 to069 region was seen to be very important,
both for early repression and for late activation, but when ping in function) or truly redundant (in the sense of being
functionally dispensable in the intact animal)? In additiondeleted by itself it appeared rather unimportant. In both
of these cases, the results can be rationalized by invoking to the caveat of the above paragraph, it is possible that some
negative elements that seem redundant in follicular cellsfunctional degeneracy. For example, all the deletion results
can be explained if we assume that both the 0189 to 0149 may be especially important in suppressing expression in
unwanted tissues. Although we have previously shown thatregion and the 0110 to 069 region are functionally im-
portant, but that their functions overlap so that deletions certain s15 constructs can result in ectopic expression
(Bienz-Tadmor et al., 1992), we have not tested for suchin one region result in a strong mutant phenotype only if
the other region is also absent. effects in the present study, because it focuses on the pro-
moter elements between 0189 and 039, whereas our previ-A second generalization is that short elements frequently
are associated with both negative (early repression) and posi- ous studies indicated that elements suppressing ectopic ex-
pression of s15 reside between08 and/52 (Table 1 in Bienz-tive (late activation) functions, which can be manifested
either simultaneously or individually, depending on the Tadmor et al., 1992). An additional reason we are reluctant
to conclude that any elements uncovered in the presentpromoter context. In various contexts, both negative and
positive functions have been assigned to the regions of mu- study are truly redundant is the limited accuracy of our
expression assays: the accuracy is not such as to detecttations a, b, e, f, and g, as well as the 0189 to 0149 region
(Fig. 2). minor effects of mutations that could potentially be im-
portant for natural selection.Perhaps the most dramatic manifestation of functional
degeneracy is seen by testing the 0137 to 045 deletion in We cannot discount alternative interpretations of some
of our results. For example, changes in spacing rather thanthe context of the entire cluster of four chorion genes (Fig.
6). In this expanded context the s15-P gene is clearly ex- elimination of speci®c sequence elements might explain
the effects of deletion (although not linker-scanning) muta-pressed, even though it lacks the most important chorion
regulatory element, the TCACGT hexamer (060 to 055) tions. We favor an interpretation based on multiple degener-
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FIG. 7. Correlation between conserved sequence elements, in vitro mutations, and inferred cis-regulatory elements of the s15 promoter.
Sequence alignments are from MartõB nez-Cruzado et al. (1988). The sequences are from D. melanogaster (Dm), D. subobscura (Ds), D.
virilis (Dv), and D. grimshawi (Dg); nucleotides that match in at least three species are shaded, and blocks of ®ve or more contiguous
invariable nucleotides are boxed. Deletions are indicated by dots. Numbers are relative to the transcriptional start site for each species.
The location of each linker-scanning mutation analyzed in the present study (Fig. 1) is indicated by a bracket, and the inferred functional
role(s) of the corresponding site is indicated by symbols, as in Fig. 2; the important 0189/0149 region is also bracketed.
ate and context-dependent elements because of the clear ¯anking DNA are extensively diverged in four species of
evidence for rescue of an inactivated s15 gene by action at the genus Drosophila, where s15 is expressed identically,
long distance (Fig. 6), and because of the fact that the same but short ``islands'' of sequence conservation are also evi-
linker scanning mutations which are clearly important in dent (Fig. 7). What, if any, is the relationship between con-
a short promoter context are relatively or totally unimport- served sequences and functionally important elements?
ant in the long promoter context (Fig. 2). Our results give a mixed answer (Fig. 7). On one hand,
the crucial TCACGT element is absolutely conserved. The
0189 to 0149 region, which appears to be important for
Functional Elements and Promoter both early repression and late activation, is also extensively
Sequence Conservation conserved. The sites of all three other linker-scanning muta-
tions that are functionally important in both the short andWe have previously documented a dramatic pattern of
the long promoter context (g, d, and b) also include con-uneven sequence conservation in the s15 promoter
(MartõB nez-Cruzado et al., 1988). Many parts of the s15 served sequence motifs. On the other hand, the sites of the f,
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regulation in development: Negative and positive cis-regulatorse, and de mutations are not strongly conserved in sequence.
dictate the precise timing of expression of a Drosophila chorionInterestingly, these three sites are functionally important
gene. Proc. Natl. Acad. Science USA 85, 3029±3033.in certain contexts but not in others; they may represent
MartõB nez-Cruzado, J. C., Swimmer, C., Fenerjian, M. G., and Ka-elements that are free to drift in sequence during evolution
fatos, F. C. (1988). Evolution of the autosomal chorion locus inbecause they are backed up by functionally equivalent ele-
Drosophila. I. General organization of the locus and sequence
ments elsewhere in the promoter. Two regions, i and h, have comparisons of genes s15 and s19 in evolutionarily distant spe-
not been subjected to linker-scanning analysis and have not cies. Genetics 119, 663±667.
manifested any importance in the limited deletion experi- Mitsialis, S. A., Veletza, S., and Kafatos, F. C. (1989). Transgenic
ments done to date. If strong sequence conservation corre- regulation of moth chorion gene promoters in Drosophila: Tis-
sponds to functional importance, as we suspect, we would sue, temporal and quantitative control of four bidirectional pro-
moters. J. Mol. Evol. 29, 486±495.predict that when the i mutation is tested by linker-scan-
Orr-Weaver, T., and Spradling, A. C. (1986). Drosophila chorionning experiments in a relatively short promoter context it
gene ampli®cation requires an upstream region regulating s18will give a strong mutant phenotype, whereas the h muta-
transcription. Mol. Cell Biol. 6, 4624±4633.tion, which corresponds to a totally nonconserved se-
Parks, S., and Spradling, A. C. (1987). Spatially regulated expressionquence, will not show any effect if tested in the same con-
of chorion genes during Drosophila oogenesis. Genes Dev. 1,
text. 497±509.
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